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Abstract
Silicon carbide (SiC) is a wide band gap semiconductor with a variety of industrial appli-
cations. Among its many useful properties is its high thermal conductivity, which makes
it advantageous for thermal management applications. In this paper we present ab initio
calculations of the in-plane and cross-plane thermal conductivities, κin and κout, of three
common hexagonal polytypes of SiC: 2H, 4H and 6H. The phonon Boltzmann transport
equation is solved iteratively using as input interatomic force constants determined from
density functional theory. Both κin and κout decrease with increasing n in nH SiC because
of additional low-lying optic phonon branches. These optic branches are characterized by
low phonon group velocities, and they increase the phase space for phonon-phonon scatter-
ing of acoustic modes. Also, for all n, κin is found to be larger than κout in the temperature
range considered. At electron concentrations present in experimental samples, scattering of
phonons by electrons is shown to be negligible except well below room temperature where it
can lead to a significant reduction of the lattice thermal conductivity. This work highlights
the power of ab initio approaches in giving quantitative, predictive descriptions of thermal
transport in materials. It helps explain the qualitative disagreement that exists among dif-
ferent sets of measured thermal conductivity data and provides information of the relative
quality of samples from which measured data was obtained.
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1. Introduction
The hexagonal polytypes of SiC (nH SiC
with n = 2,4,6) are large, indirect band
gap semiconductors. Because of their nearly
three times larger band gap compared to
Si, they can maintain operational perfor-
mance better than Si under harsh condi-
tions such as high temperature, high electric
field intensity and frequency, high power
and strong radiation. Of particular inter-
est to us is their large lattice thermal con-
ductivities, κ, which make them good can-
didates for thermal management applica-
tions. While the thermal properties of the
4H and 6H phases have been studied, there
is no consensus among the various published
measurements of κ [1–7]. For example, in
Ref. [7] the lattice thermal conductivity
parallel to the hexagonal atomic planes, κin,
for the 6H phase is found to be higher than
that for the 4H phase. In contrast, mea-
sured data for the 4H phase from Ref. [1]
gives notably higher values than those in
Ref. [7] suggesting 4H SiC has higher ther-
mal conductivity than that of 6H SiC. In
addition, even for the same n in nH SiC
there is wide variation in κ values among
the various measurements. Finally, phonon-
electron scattering has been suggested to
play a major role in lowering κ [3, 6]. How-
ever, no rigorous calculations have been per-
formed to assess this. In this paper we ad-
dress these issues by carrying out ab initio
calculations of κin and κout in 2H, 4H and 6H
SiC. We specifically answer two questions:
1) what are the trends in κin and κout among
the three considered hexagonal polytypes of
SiC? And, 2) how strongly does phonon-
electron scattering affect κ? We find that
κin is larger than κout over a wide temper-
ature range and that κin and κout decrease
with increasing n in nH SiC. We also find
that phonon-electron scattering has a neg-
ligible effect on κ around and above room
temperature, but that it can cause signifi-
cant suppression of κ below around 100 K.
2. Phonon thermal transport
Phonon transport is the dominant mech-
anism of heat conduction in semiconduc-
tors and insulators. This is particularly
true in materials such as SiC where the
stiff bonding, light constituent atoms and
relatively low electron concentrations make
the lattice contribution to thermal con-
ductivity much larger than that from the
charge carriers. Phonon scattering due to
anharmonicity (phonon-phonon scattering),
structural defects, isotopes, crystal bound-
aries, dopants, etc. limits the thermal con-
ductivity. An applied temperature gradi-
ent creates a non-equilibrium phonon dis-
tribution causing phonons to move diffu-
sively through the crystal. In steady state
phonon thermal transport can be described
by the Peierls-Boltzmann transport equa-
tion (PBE)
vλ · ∇T ∂nλ
∂T
=
(
∂nλ
∂t
)
collisions
, (1)
where λ ≡ (q, s) is the phonon mode with
wavevector q and polarization s, vλ is the
phonon group velocity, ∇T is the applied
temperature gradient, and nλ is the non-
equilibrium phonon distribution function.
For a small temperature gradient
nλ = n
0
λ +
(−∂n0λ/∂T)Fλ · ∇T, (2)
where n0λ is the equilibrium phonon (Bose-
Einstein) distribution. Then linearization
of Eq. 1 in the assumed small ∇T gives
[8, 9]
Fλ = τ
0
λ (vλ + ∆λ) , (3)
2
where τ 0λ is the total phonon mode relax-
ation time taking into account effects of all
scatterers in the system, and ∆λ is a lin-
ear function of Fλ given by Eq. A.9 in the
appendix. Eq. 3 is solved iteratively with
the initial choice of ∆λ = 0 and by using
the Matthiessen’s rule: (τ 0λ)
−1
=
∑
i (τ
i
λ)
−1
where i denotes a type of phonon scatterer.
This initial guess is equivalent to working
in the relaxation time approximation (RTA)
where both momentum conserving normal
and momentum non-conserving umklapp
processes are taken to be directly thermally
resistive. In the iterative scheme the nor-
mal processes redistribute the phonon pop-
ulation while the umklapp processes remain
directly thermally resistive. As a result,
the iterative scheme usually produces higher
thermal conductivity than predicted by the
RTA [10].
Near room temperature, three-phonon
scattering is the main mechanism that lim-
its κ [11]. The three-phonon scattering rates
are given by Eqs. A.3 and A.4. Phonons are
also scattered by mass disorder from natu-
ral isotope mixes on Si and C atoms and
from substitutional defects. The phonon-
isotope scattering rates are treated using a
mass-variance model [12] given by Eq. A.5.
Substitutional defects, where they are con-
sidered, are also treated using the mass-
variance model.
We consider phonon-electron scattering
processes where phonons are either emitted
or absorbed by electrons. This leads to an
additional collision term on the right hand
side with Eq. 1 of the following form:(
∂nλ
∂t
)
EPI
=
4pi
~
∑
mn
∑
k
|gsmn(k,q)|2
×
{
− fnk (1− fmk+q)nλ
+ fmk+q(1− fnk )(1 + nλ)
}
δ(mk+q − nk − ~ωλ),
where m,n are electronic band indices, g is
the electron-phonon interaction (EPI) ma-
trix element, f is the electronic distribution
function,  is the electron energy, (2pi)−1ω
is the phonon frequency and v is the elec-
tron group velocity. Expanding the phonon
distribution function as done in Eq. 2
while taking the electronic distribution to
be in equilibrium, the phonon scattering
rates due to the EPI are found in the RTA
to be:(
τEPIλ
)−1
=
4pi
~
∑
mn
∑
k
|gsmn(k,q)|2
×
{
fnk − fmk+q
}
δ(mk+q − nk − ~ωλ), (4)
where the f ≡ f 0 is now the equilibrium
electron (Fermi-Dirac) distribution.
The lattice thermal conductivity tensor
elements are calculated using
καβ =
kB
NV
∑
λ
(
~ωλ
kBT
)2
n0λ(n
0
λ + 1)v
α
λF
β
λ ,
(5)
where α, β are Cartesian directions, kB is
the Boltzmann constant, N is the total
number of q-points in the Brillouin zone and
V is the primitive cell volume.
3. Computational methods
Density functional theory (DFT) and
density functional perturbation theory
3
(DFPT) calculations are performed using
the Quantum ESPRESSO v. 5.4.0 suite
[13]. We use a norm-conserving pseudopo-
tential. The local density approximation
with the Perdew-Zunger parametrization is
chosen for the exchange-correlation func-
tional. A variable-cell structural optimiza-
tion is carried out on 8×8×6, 8×8×4 and
8 × 8 × 2 k-meshes for the 2H, 4H and 6H
structures, respectively, to find the relaxed
lattice constants and atomic positions. We
use DFPT to calculate the harmonic force
constants and phonon dispersions. For the
phonon calculations a 6 × 6 × 4 q-mesh is
used for the 2H phase, and 6× 6× 2 for the
4H and 6H phases. To calculate the third
order anharmonic force constants we em-
ploy a finite displacement supercell method.
To generate the symmetry-allowed minimal
set of two-atom-displaced supercells, ex-
tract the anharmonic force constants fol-
lowing Γ-point DFT calculations on said
supercells, and symmetrize the force con-
stants tensor we use the thirdorder.py
code [8, 14]. We use a 3 × 3 × 3 supercell,
corresponding to 108, 216 and 324 atoms,
respectively, for the 2H, 4H and 6H phases.
A converged cut-off distance for the third-
order force constants of 3.3 A˚ is used for
each.
The ShengBTE software [8] is used to cal-
culate the κ tensor using a locally adap-
tive Gaussian broadening method [9] to ap-
proximate the energy conserving delta func-
tions appearing in the scattering rates ex-
pressions (see Eqs. A.10 and A.11). To
keep the q-mesh spacing uniform we use
Nx(y)/Nz ≈ bx(y)/bz where N is the num-
ber of sampled q-points, b is the recipro-
cal lattice vector component along a given
Cartesian direction, and x(y) and z denote
Cartesian directions xˆ(yˆ) and zˆ. Given that
in nH SiC bz < bx(y) and in view of Eq.
A.11, it is important to keep the q-mesh
spacing uniform in order to prevent the
adaptive Gaussian scheme from selectively
setting smaller broadening for the (0, 0, qz)
modes. This causes the lowest frequency
phonons to have spuriously large lifetimes.
Converged q-meshes 25×25×15, 23×23×7
and 25 × 25 × 5 were used for the κ calcu-
lations of 2H, 4H and 6H SiC, respectively.
The phonon-electron scattering rates, Eq.
4, are obtained by calculating the imaginary
part of the phonon self-energy using the EPW
v. 4 code [15, 16]. For the desired grid
of phonon modes, the EPW code first cal-
culates band energies and electron-phonon
matrix elements ab initio on a coarse grid of
electron wave vectors. Then, it uses maxi-
mally localized Wannier functions to inter-
polate the EPI matrix elements and band
energies to a fine k-mesh. The original
code uses a fixed Gaussian broadening to
approximate delta functions; this requires
convergence testing in tandem with that for
the k-mesh density. We have modified the
original code to employ the analytic tetra-
hedron method [17] which requires conver-
gence testing only in the k-mesh density. A
fine 90 × 90 × 60 k-mesh is used to calcu-
late the phonon-electron scattering rates for
2H SiC which are then combined with the
other phonon scattering rates at the RTA
level using Matthiessen’s rule. We checked
that the calculated κ is converged with re-
spect to the k-mesh density for the temper-
ature range considered. Calculations for 4H
and 6H SiC proved to be too computation-
ally expensive.
4. Results and discussion
The results from structural optimization
calculations are presented in Table 1. We
find excellent agreement between calculated
4
phase a, c (A˚) a, c (A˚)
theory experiment
2H 3.07, 5.04 3.08, 5.05
4H 3.07, 10.05 3.08, 10.08
6H 3.07, 15.08 3.08, 15.12
Table 1: In-plane (a) and cross-plane (c) lattice
parameters of 2H, 4H and 6H SiC. Experimental
results for a, c for the 2H phase are taken from Ref.
[18] and for 4H and 6H from Ref. [19].
and measured [18, 19] values of the in-
and cross-plane lattice constants, a and
c. For the 2H SiC internal parameter
we find u(C) = 0.3754(0.375). For 4H
SiC the internal parameters are u(C) =
0.1874(0.1875) and v(Si) = 0.25(0.25). And
for 6H SiC: u(C) = 0.1254(0.125), v(Si) =
0.1668(0.1667), v(C) = 0.2917(0.2917),
w(Si) = 0.333(0.333) and w(C) =
0.4582(0.4583). The numbers in the paren-
theses are the ideal values for these param-
eters [20].
2H, 4H and 6H SiC have 4, 8, and 12
atoms per primitive unit cell, respectively,
with cells becoming more elongated along
the cross-plane direction of nH SiC with in-
creasing n as shown in Fig. 1. Calculated
phonon dispersions for 2H, 4H and 6H SiC
are shown in Fig. 2 along with available
experimental measurements for 4H and 6H
SiC [21–23]. The agreement between calcu-
lation and measurement is excellent.
In the 4H and 6H SiC samples consid-
ered here, substitutional nitrogen defects
are present, and these can also be treated
using the mass disorder model. We do
not include bond-disorder arising from these
substitutional defects. Here we assume that
the nitrogen defects are at the carbon sites.
In Fig. 3 the phonon-phonon, phonon-
isotope and phonon-nitrogen defect scat-
tering rates are shown for the 6H phase
Figure 1: From left to right: 2H, 4H and 6H SiC
primitive cells. Blue represents Si and yellow, C.
at 300 K. Phonon-phonon scattering domi-
nates over the entire frequency range, fol-
lowed by phonon-isotope scattering. The
sample with the highest impurity concentra-
tion to which we compare our calculations
has 2.9×1018 cm−3 N-atoms. Treating these
as substitutional defects at the C site leads
to negligible reduction in κ. This is because
N defects give only a small (17%) mass in-
crease over the C atoms, only slightly larger
than that for the minority carbon isotope
(13C), and the N concentration is 300 times
smaller than that of 13C in naturally occur-
ring carbon. The low concentration of N de-
fects means that even if the N atoms were on
the Si site instead of the C site, the phonon
defect scattering rates would still be negligi-
bly small. To support this, we note that in
a recent study on cubic 3C SiC [24], N sub-
stitution defects at the C site were treated
as both mass and bond defects. For the
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(a)
(b)
(c)
Figure 2: Phonon dispersions of (a) 2H, (b) 4H and
(c) 6H SiC. Blue curves are calculated results. Red
circles are from experimental measurements for 4H
[21] and 6H [22] phases, respectively.
Figure 3: Phonon-phonon, phonon-isotope and
phonon-N-substitution scattering rates for 6H SiC
at 300 K. N substitution is considered at the C site
with a concentration of 2.9 × 1018 cm−3 matching
the highest N-doped sample in Ref. [3].
N-doping concentrations considered in the
present work, a negligible reduction in the
κ of 3C SiC was found around 300 K. For
all κ calculations phonon-isotope scattering
is included, while phonon-substitution de-
fect scattering is ignored for the remaining
results presented.
Fig. 4 shows the calculated temperature
dependence of κin and κout for the three
polytypes considered. For both in-plane
and cross-plane directions, we find that
κ2H > κ4H > κ6H. This is explained by the
fact that in these hexagonal polytypes the
larger number of atoms with increasing n in
nH SiC gives rise to an increasing number of
low-lying optic branches. The small phonon
group velocities in these branches combined
with the fact that the three-phonon scat-
tering rates are the highest in 6H SiC and
the lowest in 2H SiC leads to lower κ with
increasing n in nH SiC. Also, for given n
in nH SiC, we find that κin > κout over
the temperature range considered. This
anisotropy arises from larger contributions
6
Figure 4: Temperature dependence of κin and κout
for 2H, 4H and 6H SiC. For a given direction, κ2H >
κ4H > κ6H . For both the solid and dashed types,
the top (middle) [bottom] line corresponds to 2H
(4H) [6H] SiC κ.
to the in-plane thermal conductivity inte-
gral, Eq. 5, from the vxλF
x
λ terms compared
to those for the corresponding cross-plane
(z) components, especially in the frequency
range around 10 THz. Roughly the same
anisotropy is found in both the RTA and
the iterated calculations.
In Fig. 5 (a) the calculated κin of 4H SiC
are compared to experimental data. Green
triangles give κin measured by Morelli et
al. [7]. These data points lie well below
the calculated κin values (solid green curve).
The authors in Ref. [7] speculate that their
4H sample may have stacking faults. These
types of defects are not treated in our the-
oretical framework, and we attribute the
large difference between calculation and the
data from Ref. [7] to the presence of such
defects. On the other hand, a measurement
of κin by Cree Inc. [1] (black filled symbol)
on their high purity semi-insulating sample
at 298 K shows good agreement with the
calculated κin. Specifically, we calculated
κin = 451 Wm
−1K−1, only 8% smaller than
the measured Cree value of 490 Wm−1K−1.
Fig. 5 (b) shows the calculated results for
κout (green dashed curve) compared to mea-
sured data from Wei et al. [6] and that from
Cree [1]. The sample with higher κout from
Ref. [6] was believed to contain 5 × 1017
cm−3 vanadium substitutional defects while
that with the lower κout contained 5× 1018
cm−3 nitrogen substitutional defects. Treat-
ing the V and N dopants as substitutional
defects at the C site lead to negligible re-
duction of κ. The measurements near room
temperature from the less doped samples
of Ref. [6] and from Ref. [1] are in good
agreement with the calculated results. How-
ever, at higher temperatures, both sets of
measured data from Ref. [6] lie well below
our calculated values. This is puzzling to
us. Moreover, the measured κ values for
the sample with the higher defect/carrier
density are significantly smaller than those
for the lower defect/carrier density sample
even though the calculated phonon-defect
scattering rates in both cases are small and
phonon-electron scattering in this temper-
ature range is weak (see discussion below).
Finally, the measured κ values for both sam-
ples saturate above 600 K, a finding incon-
sistent with the roughly 1/T dependence
of the thermal conductivity from phonon-
phonon scattering and the expected negligi-
ble contribution from the electronic part of
the thermal conductivity.
In Fig. 6 we compare κin of 6H SiC with
measurements from Slack [2], Morelli et al.
[3] and Burgemeister et al. [4]. Calculated
values (solid blue line) lie below the Slack
data (purple squares) with N defect concen-
tration of 1×1017 cm−3, but above the data
from Morelli et al. whose samples had N
concentrations of 3.5 × 1016 and 2.9 × 1018
cm−3, respectively. For the sparsely doped
Morelli sample (blue triangles) agreement
with theory is very good between 200 and
7
(a)
(b)
Figure 5: Comparison of the calculated 4H SiC (a)
κin and (b) κout with experimental measurements
from [7] (green triangles), [6] (green open squares
and circles) and [1] (black open stars).
300 K - at 150 K the calculated value is
about 20% larger than the experimental
one. For the higher doped Morelli sam-
ple (blue circles) the measured κin is sig-
nificantly lower than the calculated values.
This reduction is attributed by Morelli et
al. to phonons scattering from electrons
donated by N atoms. The Burgemeister
data points (black symbols) are measure-
ments above 300 K for lightly N- or p-type
doped samples. There is some variation in
Figure 6: Comparison of the calculated 6H SiC κin
with measured data from Ref. [2] (purple squares),
Ref. [3] (blue triangles and circles) and Ref. [4]
(green stars, black crosses and black pluses).
the measured data, but in general the trend
is well captured by the theory curve. We
note that the 8×1015 cm−3 N-doped Burge-
meister data points (black cross symbols)
slightly above 300 K show a variation nearly
equal to the difference between the nearest
Morelli data points. Moreover, the Slack
sample with nearly 3 times the N-doping
of the the purest Morelli sample has a sig-
nificantly higher κ than the latter and also
projects to larger κin than the higher purity
samples of Burgemeister. The reason for
the high measured κin for the Slack sample
is unclear to us. It is also unclear whether
the difference between the κ measurement
on the two Morelli samples is entirely due
to the EPI.
In Fig. 7 the calculated κout of 6H SiC is
compared to experimental data from Nils-
son et al. [5] between 300 and 2300 K. Also
plotted are κout measurements by Burge-
meister et al. [4]. Excellent agreement be-
tween calculation and data from Refs. [5]
and [4] is found in this case over the en-
tire temperature range of the data. We note
that even at high temperatures the thermal
8
Figure 7: Comparison of 6H SiC κout with exper-
imental measurements from Refs. [5] (blue open
circles) and [4] (black open triangles).
expansion coefficient of 6H SiC is almost in-
dependent of temperature [25], which sug-
gests that higher-order anharmonicity is
weak even at the high temperatures (up to
2300K) of the measurements of Ref. [5].
The experimental sample from Ref. [5]
has an N-doping concentration of 5 × 1017
cm−3. At 300 K the measured κ value is
4.1% higher than the calculated value. In-
terestingly, while the EPI was thought to
give a significant reduction in κin in Ref.
[3], [4], [7] even at 300K, such a reduction is
not seen by comparing the 300 K κout data
from Nilsson and Burgemeister in spite of
there being an order of magnitude difference
in carrier densities. Instead the two sets of
κout measured values are quite close to each
other and are also in very good agreement
with the theoretical results.
To address the question of to what extent
the EPI reduces κ we calculated phonon-
electron scattering rates for the 2H phase.
Full first principles treatment of the EPI in
4H and 6H SiC is currently beyond our com-
putational capabilities. In Fig. 8 phonon-
electron scattering rates for 2H SiC for a
representative electron density of 1018 cm−3
are plotted along with phonon-phonon and
phonon-isotope scattering rates at 300 K.
The phonon-electron scattering rates are
shown here on a dense q-mesh of 50× 50×
30 to highlight their frequency dependence
while the other scattering rates are shown
on the originally converged 25 × 25 × 15
q-mesh. In the low frequency region the
acoustic-phonon-electron scattering rates
are comparable to the phonon-phonon scat-
tering rates before quickly falling off above
2 THz. The phonon-electron scattering
rates become strong again for the high optic
phonon frequencies. The high-lying optic
phonons contribute negligibly to κ, as can
be seen from the spectral contribution to κin
(κin(ν)) [26] for 2H and 6H SiC shown in
Fig. 9. Therefore, strong phonon-electron
scattering for those phonons will not af-
fect κ. It is seen in Fig. 9 that the ef-
fect of phonon-electron scattering in sup-
pressing the κin of 2H SiC is only visible
below around 3 THz. For example, at 1
THz, κin(ν) is suppressed by about 39%,
but beyond 3 THz there is no suppres-
sion. At higher temperatures above 300 K
phonon-phonon scattering dominates over
all other scattering mechanisms and the ef-
fect of the EPI is predicted here to be neg-
ligible. However, at lower temperatures,
phonon-phonon scattering weakens and the
reduction in κ due to phonon-electron scat-
tering can become significant.
The effect of the EPI on 2H SiC κin is
presented in Table 2 for 1017 cm−3 and 1018
cm−3 n-type doping concentrations. For
1017 cm−3 doping concentration we see a
20% reduction of κin at 100 K while the re-
ductions at 300 K and 600 K are negligible.
For 1018 cm−3 doping concentration these
numbers are 28%, 4.4% and 1.1%, respec-
tively. These results are consistent with the
9
discussion in the previous paragraph.
Table 3 compares the calculated undoped
κin for 6H SiC with the corresponding mea-
sured values from Ref. [3] for the sample
with electron density of 2.9×1018 cm−3. As-
suming that the strength of the EPI in 6H
SiC is similar to that in 2H SiC and cou-
pling this to the fact that phonon-phonon
scattering is stronger in 6H SiC than in 2H
SiC we conclude that the EPI is not likely
the only reason for the strong reduction in κ
in Ref. [3], nor can it be the sole explanation
for the difference in thermal conductivities
of the 6H samples from Ref. [2] (see Fig. 6)
or the 4H samples from Ref. [6] (see Fig.
5b).
Figure 8: Phonon-electron scattering rates in 2H
SiC at 300 K for an electron concentration of
1018 cm−3. For comparison, phonon-phonon and
phonon-isotope scattering rates are also plotted.
5. Conclusion
We have presented ab initio calculations
of the in-plane and cross-plane lattice ther-
mal conductivities, κin and κout, for 2H, 4H
and 6H SiC. We found that for both in-plane
and cross-plane thermal transport, the 2H
phase has the highest κ, followed by that of
Figure 9: Spectrum of κin as a function of frequency
ν for 2H and 6H SiC at 300 K. Effect of EPI is shown
for 2H for two n-type doping levels. The inset plot
zooms in on the [0,4] THz region.
T(K) undoped n-type n-type
1017 cm−3 1018 cm−3
100 4741 3779, (20%) 3398, (28%)
300 497 492, (1.0%) 475, (4.4%)
600 186 185, (0.5%) 184, (1.1%)
Table 2: Calculated 2H SiC κin (Wm
−1K−1) with
and without the EPI. The third and fourth columns
give κin, percentage reduction with respect to the
undoped case.
4H SiC and then by that of 6H SiC. Also,
for given n in nH SiC, κin is found to be
larger than κout over a large range of tem-
peratures. Reasonably good agreement is
obtained with the measured κin and κout re-
sults for some of the 4H and 6H samples.
However, wide variations in measured data
were noted that in most cases suggest the
presence of defects in the measured samples.
By calculating phonon-electron scattering
from first principles for the 2H phase at
electron densities representative of those in
the studied samples, we concluded that such
scattering is not likely the sole reason for
the difference in κ measurements between
10
T(K) undoped N-doped
(theory) 2.9× 1018 cm−3
100 2460 1018, (59%)
300 382 310, (19%)
Table 3: 6H SiC κin (Wm
−1K−1) values from the-
ory (undoped, column 2) .vs. experiment (N-doped,
column 3) [3]. The third column also shows percent-
age difference between the calculated and measured
κin.
the 6H SiC samples considered in Ref. [3]
or for the difference between the measured
κ values for the 4H SiC samples in Ref. [6].
Nevertheless, carrier concentrations as low
as 1 × 1018 cm−3 in the 2H phase can lead
to a significant reduction in κ at low tem-
peratures, which is qualitatively consistent
with the measurement findings [3].
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Appendix A.
In this appendix we provide the expres-
sions for the phonon-phonon and phonon-
mass defect scattering rates.
Three phonon scattering processes satisfy
the following quasimomentum and energy
conservation relations
q± q′ + G = q′′
ωλ ± ωλ′ = ωλ′′ , (A.1)
where G a the reciprocal lattice vector.
For the ± processes defined in A.1 the
three phonon scattering matrix elements are
given by
Φ±λλ′λ′′ =
∑
<i>jk
∑
αβγ
Ψαβγijk
eiαs,qe
jβ
s′,±q′e
kγ
s′′,−q′′√
mimjmk
,
(A.2)
where i, j, k label atoms in the supercell
with <> symbolizing restricted sum over
the primitive cell, mi is the mass of atom
i, eiαs,q is the α Cartesian component of the
phonon eigenvector associated with polar-
ization s and wavevector q, and Ψαβγijk =
∂3U
∂rαi ∂r
β
j ∂r
γ
k
is the third-order anharmonic
force constant where rαi is the displacement
of atom i in the Cartesian direction α calcu-
lated from the crystal potential energy U .
In terms of the scattering matrix elements
the three phonon scattering rates of single
processes are
W+λλ′λ′′ =
~pi
4
n0λ′ − n0λ′′
ωλωλ′ωλ′′
|Φ+λλ′λ′′ |2
× δ(ωλ + ωλ′ − ωλ′′), (A.3)
W−λλ′λ′′ =
~pi
4
n0λ′ + n
0
λ′′ + 1
ωλωλ′ωλ′′
|Φ−λλ′λ′′ |2
× δ(ωλ − ωλ′ − ωλ′′). (A.4)
Phonon-mass defect scattering rates for
single processes are given by
Wλλ′ =
pi
2
ω2λ
∑
i
gi|e∗iλ · eiλ′|2δ(ωλ − ωλ′),
(A.5)
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where i labels an atom in the primitive cell
and
gi =
∑
t
fti
(
∆mti
mi
)2
(A.6)
is the mass variance parameter for atom i,
with ∆mti ≡ mti − mi and t denoting the
type of mass defect (eg. isotope, substitu-
tional defect) at site i. mi is the average
mass of the atom i and fit, the fraction of
atoms of type t at the site i.
In the RTA the total phonon scatter-
ing rates including phonon-phonon and
phonon-mass defect scattering are
(
τ anhλ
)−1
=
1
N
( +∑
λ′λ′′
W+λλ′λ′′ +
1
2
−∑
λ′λ′′
W−λλ′λ′′
)
(A.7)
(τmassλ )
−1 =
1
N
∑
λ′
Wλλ′ , (A.8)
where N is the total number of points in
the Γ-centered, regular q-mesh sampling the
Brillouin zone and the ± on the summation
symbolize conservation restrictions given by
A.1. And finally, the function ∆ appearing
in the linearized PBE is given by
∆λ =
1
Nωλ
{ +∑
λ′λ′′
W+λλ′λ′′ (ωλ′′Fλ′′ − ωλ′Fλ′)
+
1
2
−∑
λ′λ′′
W−λλ′λ′′ (ωλ′′Fλ′′ + ωλ′Fλ′)
}
.
(A.9)
The energy conserving delta functions
appearing in equations above are approxi-
mated in ShengBTE using a Gaussian func-
tion
δ(ωλ − ω) ≈ 1√
2piσω
exp
[
−(ωλ − ω)
2
2σ2ω
]
,
(A.10)
where σω is a locally adaptive broadening
parameter found using
σω ≈ 1√
12
√√√√∑
µ
[
(vλ′ − vλ′′) · Qµ
Nµ
]2
,
(A.11)
where Qµ is the reciprocal lattice vector in
the direction µ, vλ is the Cartesian group
velocity of the phonon mode λ, and Nµ is
the number of grid points used along the
reciprocal lattice vector Qµ. In nH SiC,
Q3 < Q1(2). If the same Nµ = N is used for
all three directions then Q3/N < Q1(2)/N .
As a result Γ-A phonon modes, for which
q = (0, 0, qz), will have selectively smaller
σω compared to other modes. This is why
Nµ must be chosen such that the grid spac-
ing along all three directions is uniform.
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